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Abstract
A new type of electromagnetic radiation by a neutrino with non-zero magnetic (and/or electric) moment moving in
background matter and electromagnetic field is considered. This radiation originates from the quantum spin flip transitions and
we have named it as “spin light of neutrino” (SLν). The neutrino initially unpolarized beam (equal mixture of νL and νR) can
be converted to the totally polarized beam composed of only νR by the neutrino spin light in matter and electromagnetic fields.
The quasi-classical theory of this radiation is developed on the basis of the generalized Bargmann–Michel–Telegdi equation.
The considered radiation is important for environments with high effective densities, n, because the total radiation power is
proportional to n4. The spin light of neutrino, in contrast to the Cherenkov or transition radiation of neutrino in matter, does not
vanish in the case of the refractive index of matter is equal to unit. The specific features of this new radiation are: (i) the total
power of the radiation is proportional to γ 4, and (ii) the radiation is beamed within a small angle δθ ∼ γ−1, where γ is the
neutrino Lorentz factor. Applications of this new type of neutrino radiation to astrophysics, in particular to gamma-ray bursts,
and the early universe should be important.
 2003 Published by Elsevier Science B.V. Open access under CC BY license.There exist at present convincing evidences in
favour of neutrino non-zero mass and mixing, obtained
in the solar and atmospheric experiments (see [1] for
a review on the status of neutrino oscillations). Apart
from masses and mixing non-trivial neutrino electro-
magnetic properties such as non-vanishing magnetic,
µ, and electric, 	, dipole moments are carrying fea-
tures of new physics. It is believed that non-zero neu-
trino magnetic moment could have an important im-
pact on astrophysics and cosmology.
It is well known [2] that in the minimally extended
Standard Model with SU(2)-singlet right-handed neu-
trino the one-loop radiative correction generates neu-
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Open access under CCtrino magnetic moment which is proportional to neu-
trino mass
(1)µν = 3
8
√
2π2
eGFmν =
(
3× 10−19)µ0( mν1 eV
)
,
where µ0 = e/2m is the Bohr magneton, mν and
m are the neutrino and electron masses. There are
also models [3] in which much large values for
magnetic moments of neutrinos are predicted. So
far, the most stringent laboratory constraints on the
electron neutrino magnetic moment come from elas-
tic neutrino–electron scattering experiments: µνe 
(1.5 × 10−10)µ0 [4]. More stringent constraints are
obtained from astrophysical considerations [5].
In this Letter we study a new mechanism for emis-
sion of photon by the massive neutrino in presence BY license.
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magnetic (and/or electric) dipole moment. This phe-
nomenon can be expressed as a process
(2)ν→ ν + γ
that is the transition from a flavour neutrino in the
initial state to the same flavour neutrino plus a photon
in the final state. The mechanism under consideration
can be also effective in the case of neutrino transitions
with change of flavour if neutrino transition moment
is not zero.
Different other processes characterized by the same
signature of Eq. (2) have been considered previously:
(i) the photon radiation by massless neutrino (νi →
νj + γ, i = j) due to the vacuum polarization
loop diagram in presence of an external magnetic
field [6,7];
(ii) the photon radiation by massive neutrino with
non-vanishing magnetic moment in constant
magnetic and electromagnetic wave fields [8,9];
(iii) the Cherenkov radiation due to the non-vanishing
neutrino magnetic moment in homogeneous and
infinitely extended medium which is only pos-
sible if the speed of neutrino is larger than the
speed of light in medium [10,11];
(iv) the transition radiation due to non-vanishing
neutrino magnetic moment which would be pro-
duced when the neutrino crosses the interface
of two media with different refractive indices
[12,13];
(v) the Cherenkov radiation by massless neutrino
due to its induced charge in medium [14];
(vi) the Cherenkov radiation by massive and mass-
less neutrino in magnetized medium [15,16];
(vii) the neutrino radiative decay (νi → νj+γ, i = j)
in external fields and media or in vacuum [17–
21].
The process we are studying in this Letter has
never been considered before. We discover a mech-
anism for electromagnetic radiation generated by the
neutrino magnetic (and/or electric) moment rotation
which occurs due to electroweak interaction with the
background environment. It should be noted that gen-
eralization to the case of a photon emission by neu-
trino due to the neutrino transition magnetic moment
is straightforward. If neutrino is moving in matter andan external electromagnetic field is also superimposed,
the total power of this radiation contains three terms
which originate from (i) neutrino interaction with par-
ticles of matter, (ii) neutrino interactions with elec-
tromagnetic field, (iii) interference of the mentioned
above two types of interactions. This radiation can be
named as “spin light of neutrino” (SLν) in matter and
electromagnetic field to manifest the correspondence
with the magnetic moment dependent term in the ra-
diation of an electron moving in a magnetic field. A
review on the spin light of electron can be found in
[22]. Whereas the radiation of a neutral particle mov-
ing in external electromagnetic field in the absence of
matter has been considered previously starting from
[23], the mechanism of radiation produced by interac-
tion with matter is considered in this our Letter for the
first time. It should be emphasize that the neutrino spin
light cannot be described as the Cherenkov radiation.
The SLν in the background matter (similar to the
radiation by neutrino moving in the magnetic field [8])
originates from the quantum spin flip transitions νL→
νR . Within the quantum approach the corresponding
Feynman diagram of the proposed new process is the
standard one-photon emission diagram with the initial
and final neutrino states described by the “broad lines”
that account for the neutrino interaction with matter
(given, for instance, by the effective Lagrangian of
Eq. (9)). In this Letter we develop the quasi-classical
approach to the radiation process when the neutrino
recoil can be neglected. This approach is valid for a
wide range of neutrino and photon energies that could
be of particular interest for different astrophysical and
cosmological applications. For example, if the initial
neutrino energy is about 10 MeV the allowed range of
the radiated photon energies span up to gamma-rays.
We should like also to emphasize here that the ini-
tially unpolarized neutrino beam (equal mixture of ac-
tive left-handed and sterile right-handed neutrinos) can
be converted to the totally polarized beam composed
of only νR due to the spin light in contrast to the
Cherenkov radiation which cannot produce the neu-
trino spin self-polarization effect.
Our approach is based on the quasi-classical Barg-
mann–Michel–Telegdi (BMT) equation [24]
dSµ
dτ
= 2µ{FµνSν − uµ(uνF νλSλ)}
(3)+ 2	{F˜ µνSν − uµ(uνF˜ νλSλ)},
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particle with non-vanishing magnetic, µ, and electric,
	, dipole moments in electromagnetic field, given
by its tensor Fµν .1 This form of the BMT equation
corresponds to the case of the particle moving with
constant speed, 	β = const, uµ = (γ, γ 	β), in presence
of an electromagnetic field Fµν . The spin vector
satisfies the usual conditions, S2 =−1 and Sµuµ = 0.
Note that the term proportional to 	 violates T
invariance.
In our previous studies [26,27] (see also [29]) we
have shown that the Lorentz invariant generalization
of Eq. (3) for the case when effects of neutrino weak
interactions are taken into account can be obtained by
the following substitution of the electromagnetic field
tensor Fµν = ( 	E, 	B):
(4)Fµν →Eµν = Fµν +Gµν,
where the tensor Gµν accounts for the neutrino inter-
actions with particles of the environment. The deriva-
tion of the quasi-classical Lorentz invariant neutrino
spin evolution equation taking into account general
types of neutrino non-derivative interactions with ex-
ternal fields is given in [28]. Within the quantum ap-
proach the neutrino spin flip under the influence of
different types of interactions was also considered in
[30].
In evaluation of the tensor Gµν we demand that
the neutrino evolution equation must be linear over
the neutrino spin, electromagnetic field and such char-
acteristics of matter (which is composed of differ-
ent fermions, f = e, n, p, . . .) as fermions cur-
rents
(5)jµf = (nf ,nf 	vf ),
and fermions polarizations
(6)
λ
µ
f =
(
nf (	ζf 	vf ), nf 	ζf
√
1− v2f +
nf 	vf (	ζf 	vf )
1+
√
1− v2f
)
.
Here nf , 	vf , and 	ζf (0  |	ζf |2  1) denote, respec-
tively, the number densities of the background fermi-
1 Within this approach neutrino spin relaxation in stochastic
electromagnetic fields without account for matter effects was
considered in [25].ons f , the speeds of the reference frames in which the
mean momenta of fermions f are zero, and the mean
values of the polarization vectors of the background
fermions f in the above mentioned reference frames.
The mean value of the background fermion f polar-
ization vector, 	ζf , is determined by the two-step av-
eraging of the fermion relativistic spin operator over
the fermion quantum state in a given electromagnetic
field and over the fermion statistical distribution den-
sity function. Thus, in general case of neutrino inter-
action with different background fermions f we intro-
duce for description of matter effects antisymmetric
tensor
(7)Gµν = 	µνρλg(1)ρ uλ −
(
g(2)µuν − uµg(2)ν),
where
g(1)µ =
∑
f
ρ
(1)
f j
µ
f + ρ(2)f λµf ,
(8)g(2)µ =
∑
f
ξ
(1)
f j
µ
f + ξ(2)f λµf
(summation is performed over the fermions f of
the background). The explicit expressions for the
coefficients ρ(1),(2)f and ξ
(1),(2)
f could be found if
the particular model of neutrino interaction is cho-
sen. For example, if one consider the electron neu-
trino propagation in moving and polarized gas of
electrons within the extended standard model sup-
plied with SU(2)-singlet right-handed neutrino νR ,
then the neutrino effective interaction Lagrangian
reads
(9)Leff =−f µ
(
ν¯γµ
1+ γ 5
2
ν
)
,
where
(10)f µ = GF√
2
((
1+ 4 sin2 θW
)
jµe − λµe
)
.
In this case the coefficients ρ(1),(2)e are
(11)ρ(1)e =
G˜F
2
√
2µ
, ρ(2)e =−
GF
2
√
2µ
,
where G˜F =GF (1+ 4 sin2 θW ).
In the usual notations the antisymmetric tensorGµν
can be written in the form
(12)Gµν = (− 	P , 	M),
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	M = γ {(g(1)0 	β − 	g(1))− [ 	β × 	g(2)]},
(13)	P =−γ {(g(2)0 	β − 	g(2))+ [ 	β × 	g(1)]}.
It worth to note that the substitution (4) implies that
the magnetic 	B and electric 	E fields are shifted by the
vectors 	M and 	P , respectively:
(14)	B→ 	B + 	M, 	E→ 	E − 	P .
We should like to emphasize here that precession
of the neutrino spin can originate not only due to neu-
trino magnetic moment interaction with external elec-
tromagnetic fields but also due to the neutrino weak
interaction with particles of the background matter.
This is a very important point for understanding of
the nature of the neutrino spin light in non-magnetized
matter. In order to demonstrate how the neutrino spin
procession appears in the background matter we con-
sider below the neutrino spin evolution in matter in
the absence of electromagnetic fields. We start with
Eq. (3) and for simplicity neglect the neutrino electric
dipole moment, 	 = 0. Then, in the absence of external
electromagnetic field, we get the neutrino spin evolu-
tion equation in non-moving matter:
(15)dS
µ
dτ
= 2µ{GµνSν − uµ(uνGνλSλ)}.
The tensor Gµν is given by Eqs. (7), (8) and (11).
For the further simplifications we consider unpolar-
ized (λµf = 0) matter composed of only one type of
fermions, so that there is now summation over f in de-
finition of g(1)µ and we shall omit the index f . Then
we get
(16)Gµν = γρ(1)n


0 0 0 0
0 0 −β3 β2
0 β3 0 −β1
0 −β2 β1 0

 ,
where 	β = (β1, β2, β3) is the neutrino three-dimen-
sional speed. It is easy to show that
(17)uνGνµ = 0,
and from (15) we get the equation for the neutrino spin
evolution in unpolarized and non-moving matter:
(18)dS
µ
dτ
= 2µGµνSν.In the laboratory reference frame the corresponding
equation for the three-dimensional neutrino spin is
(19)d
	S
dt
= 2µρ(1)n[ 	S × 	β].
If neutrino is propagating along the OZ axis, 	β =
(0,0, β), then solutions of these equations for the
neutrino spin components are given by
S1 = S⊥0 cosωt, S2 = S⊥0 sinωt,
(20)S3 = S30 , S0 = S00 ,
where
(21)ω= 2µρ(1)nβ,
S⊥0 and S
3,0
0 are constants determined by the initial
conditions.
From the above consideration it follows that if the
initial neutrino state is not polarized longitudinally in
respect to the neutrino momentum then the neutrino
spin precession in the background matter always
occurs. In its turn, a neutrino with processing magnetic
momentum have to emit electromagnetic radiation.
This is just the radiation which we have called the spin
light of neutrino.
Recently we have derived the total radiation power
of a neutral unpolarized fermion with anomalous
magnetic moment [31].2 In that derivation we have
supposed that the spin dynamics of a neutral particle is
governed by the Bargmann–Michel–Telegdi equation
and that the energy of the radiated photons is much
less than the particle energy. Now in order to treat the
electromagnetic radiation by the neutrino moving in
background matter and electromagnetic field we use
the substitution prescription of Eq. (4) and for the
total radiation power get (for simplicity the case of T -
invariant model of neutrino interaction is considered
hereafter)
(22)
I = 16
3
µ2
[
4
(
µ2uρE˜
ρλE˜λσu
σ
)2 +µ2uρ ˙˜Eρλ ˙˜Eλσuσ ].
2 The generalization to the case of neutrino with non-zero
electric dipole moment in electromagnetic field can be found in [32].
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radiation power
dI
dΩ
= µ
2
πγ (ul)5
(23)
× {[4(µ2uρE˜ρλE˜λσ uσ )2
+ (µ2uρ ˙˜Eρλ ˙˜Eλσuσ )](ul)2
+ 4(µ2uρE˜ρλE˜λσuσ )(µuρE˜ρλlλ)2
+ (µuρ ˙˜Eρλlλ)2 + 4µ2(µuρE˜ρλlλ)
× eµνρλuµ ˙˜Eνσuσ E˜ρδuδlλ
}
,
here E˜µν =− 12	µναβEαβ is the dual tensor Eµν, lµ =
(1, 	l ) and 	l is the unit vector pointing the direction
of radiation. The derivatives in the right-hand side of
Eqs. (22) and (23) are taken with respect of proper
time τ in the rest frame of the neutrino.
Using Eqs. (14) and (22) we find the total radiation
power as a function of the magnetic field strength in
the rest frame of the neutrino, 	B0, and the vector 	M0
which accounts for effects of the neutrino interaction
with moving and polarized matter:
(24)I = 16
3
µ4
[(
2µ( 	B0 + 	M0)2
)2 + ( 	˙B0 + 	˙M0)2],
where
(25)	B0 = γ
(
	B⊥ + 1
γ
	B‖ +
√
1− γ−2 [ 	E⊥ × 	n]
)
,
(26)	M0 = 	M0‖ + 	M0⊥,
	M0‖ = γ 	β
n0√
1− v2e
(27)
×
{
ρ(1)
(
1− 	ve 	β
1− γ−2
)
− ρ(2)
(
	ζe 	β
√
1− v2e +
(	ζe	ve)( 	β	ve)
1+√1− v2e
)
× 1
1− γ−2
}
,
	M0⊥ =−
n0√
1− v2e
{
	ve⊥
(
ρ(1) + ρ(2) (	ζe	ve)
1+√1− v2e
)
(28)+ 	ζe⊥ρ(2)
√
1− v2e
}
,and n0 is the invariant number density of matter given
in the reference frame for which the total speed of
matter is zero.
It is evident that the total radiation power, Eq. (24),
is composed of the three contributions,
(29)I = IF + IG + IFG,
where IF is the radiation power due to the neutrino
magnetic moment interaction with the external elec-
tromagnetic field, IG is the radiation power due to
the neutrino weak interaction with particles of the
background matter, and IFG stands for the interfer-
ence effect of electromagnetic and weak interactions.
It should be pointed out that the electromagnetic con-
tribution IF to the radiation of a neutrino (or a neu-
tral fermion) in different field configurations has been
considered in literature (see, for example, [8,9,23]),
whereas the contribution to radiation by neutrino mov-
ing in matter, IG, and also the interference term IFG
have never been considered before.
These three types of neutrino radiation have com-
mon nature: they originates as effects of the neutrino
interactions with the external electromagnetic field
and background matter under which the neutrino spin
is rotating. As it has been pointed out above, the dis-
cussed here radiation cannot be treated as the neutrino
Cherenkov [10,11,14–16] and transition [12,13] radi-
ations. Contrary to the Cherenkov and transition radi-
ations the considered new type of neutrino radiation
is not forbidden when the refractive index of photons
in the background environment is equal to nrefγ = 1. In
order to highlight this distinction we consider here the
particular case of nrefγ = 1, however generalization to
the case nrefγ > 1 is straightforward.
One of the most important properties of the SLν in
the background matter is the strong dependence of the
total radiation power on the density of matter,
(30)IG ∼ n40.
The total radiation power, Eq. (24), contains dif-
ferent terms in respect to dependence on the neutrino
magnetic moment µ. If we consider non-derivative
terms and compare contributions to the neutrino spin
light radiation power from the interaction with matter
and electromagnetic field we come to the conclusion
that, as it follows from Eq. (11), the ratio IG/IF is
proportional to µ−4. From Eq. (24) it is also obvious
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varying density (in varying electromagnetic fields) to
the radiation power in matter with constant density
(in constant electromagnetic fields) are proportional to
µ2. Accounting for smallness of the neutrino magnetic
moment, it follows that the proposed new mechanism
of neutrino spin light radiation could be efficient in the
environments with varying densities of matter (with
varying electromagnetic fields).
We consider at first the SLν in presence of con-
stant density matter and constant magnetic field. For
definiteness we assume that the spin light radiation is
produced by the electron neutrino νe moving in un-
polarized (ζe = 0) matter composed of only electrons.
Then for the total spin light radiation power we get
I = 64
3
µ6γ 4
[(
	B⊥ + 1
γ
	B‖ + nρ(1) 	β(1− 	β 	ve)
(31)− 1
γ
nρ(1)	ve⊥
)2]2
,
where the terms proportional to γ−2 in the brackets
are neglected. Here we use the notation
(32)n= n0√
1− v2e
,
	B⊥,‖ are the transversal and longitudinal magnetic
field components in respect to the neutrino motion,
	v⊥ is the transversal component of the matter speed
in the laboratory frame of reference. From Eq. (31)
it follows that the correlation term IFG is suppressed
in respect to the terms IF and IG by the presence
of additional neutrino Lorentz factor. That is why
there is a reason to compare contributions to the
radiation power produced by the neutrino interaction
with matter which is moving longitudinally with non-
relativistic speed, v 1,
(33)IG = 643 µ
6γ 4
(
nρ(1)β
)4
,
and the contribution to the radiation power produced
by the interaction with the transversal magnetic field,3
(34)IF = 643 µ
6γ 4B4⊥.
3 This our result is smaller by a factor 1/2 relative to the result
of [23] for the radiation power of the polarized neutral particle.Note that from Eq. (33) it follows that in the case of the
standard model, when the neutrino magnetic moment
is proportional to its mass, and constant neutrino
speed the radiation power goes with the neutrino mass
squared, as one might expect. If we take B⊥ ∼ 3 ×
105 G and n∼ 1023 cm−3 that corresponds to the case
of the solar convective zone and µνe ∼ 10−18µ0, then
we get that the matter term in the spin light exceeds
the transversal magnetic field term by a factor of
∼ 2× 1026. With increasing of the neutrino magnetic
moment due to the inverse proportionality ρ(1) ∼ µ−1νe
the ratio IG/IF decreases and becomes equal to unit
only for µνe ∼ (3× 10−12)µ0.
Let us turn to consideration of the contribution to
the SLν that is generated by the neutrino interaction
with matter of varying density. We again assume
that matter is composed of electrons and neutrino
interaction with matter is given by Lagrangian of
Eq. (9). Since n˙e = γ 	β 	∇ne, we get for the total power
of the neutrino spin light in this case
(35)IG = 23µ
2γ 4
{
1
2
G˜4F n
4
e + G˜2F
[
( 	β 	∇)ne
]2}
.
If we consider the case of moving and polarized matter
then the effective number density depends on the value
of the total mater speed 	ve and polarization 	ζe, as well
as on neutrino speed 	β and correlations between these
three vectors (see [27,33]):
ne = n0√
1− v2e
(36)
×
{(
1− (1+ 4 sin2 θW )−1	ζe	ve)(1− 	β	ve)
− (1+ 4 sin2 θW )−1√1− v2e
×
[
(	ζe	ve)( 	β	ve)
1+√1− v2e − 	ζe 	β
]
+O
(
1
γ
)}
.
Using Eqs. (23) and (35) for the solid angle
distribution we get
dIG
dΩ
= 3
8π
IG
{
γ−4(1− β cosϑ)−3
− γ−6(1− β cosϑ)−4
(37)+ 1
2
γ−8(1− β cosϑ)−5
}
.
From the last formula it follows that the SLν is
strongly beamed and is confined within the cone given
A. Lobanov, A. Studenikin / Physics Letters B 564 (2003) 27–34 33by δθ ∼ γ−1. It should be noted here that this is
a common feature of different contributions to the
neutrino spin light radiation which is the inherent
property of radiation by ultra-relativistic particles.
In conclusion, we have discovered a new mech-
anism of the electromagnetic radiation emitted by a
neutrino with non-vanishing magnetic moment mov-
ing in the background matter and external electromag-
netic field (“spin light of neutrino”). The generaliza-
tion to the case of a neutrino with non-zero electric
dipole moment is just straightforward. Our general
new result is the prediction of a new type of electro-
magnetic radiation that is emitted by a massive neu-
tral particle with non-vanishing magnetic (and/or elec-
tric) moment moving in the background matter. The
SLν originates from the quantum spin flip transitions.
Therefore, the initially unpolarized neutrino beam can
be converted to the totally polarized beam composed
of only right-handed neutrinos νR in the considered ra-
diation process if the right-handed neutrinos are sterile
states, i.e., do not interact with the background envi-
ronment.
We have also developed the quasi-classical theory
of the SLν that is valid in the case when the neutrino
recoil can be neglected or when the energy of the
radiated photon is less than the neutrino energy.
The considered radiation must be important for
environments with high effective densities, n, because
the total radiation power is proportional to n4. It is also
shown that the SLν is strongly beamed in the direction
of neutrino propagation and is confined within a small
cone given by δθ ∼ γ−1. The total power of the SLν
is increasing with the neutrino energy increase and
is proportional to the fourth power of the neutrino
Lorentz factor, I ∼ γ 4. It is also possible to show
that the average energy of photons of the spin light
in matter is
(38)ωγ ∼GFneγ 2.
Thus, the spin light emission rate in this case is
proportional to γ 2,
(39)ΓSL =
√
2
3
γ 2µ2G3F n
3.
From these estimations we predict that the SLν is
effectively produced if the neutrino energy and matter
density are large. Such a situation can be realized in
the dense matter of the early Universe.It is interesting to compare the rate of the SLν
in matter with the rate of the Cherenkov radiation in
magnetic field that is widely discussed in literature
(see, for example, [16]). First of all, in contrast to
the Cherenkov and transition radiations by neutrino,
the spin light is produced by neutrino even in the
case when the refractive index of photons in the
background matter is equal to nrefγ = 1. Let us compare
the rate of the neutrino spin light, Eq. (39), with the
rate of the Cherenkov radiation in magnetic field given
by formula (25) of Ref. [16]. If the magnetic field is
less than the electron critical field, B < B0 = (4.41×
1013)G, the ratio of the two rates is
(40)ΓSL
ΓCh
= (3.4× 108)γ 2µ2GFn3
p50
(
B0
B
)6
,
where p0 is the neutrino energy. This ratio is equal to
(41)ΓSL
ΓCh
= 13
for the two sets of neutrino energy, strength of mag-
netic field and density of matter:
(1) p0 = 10 MeV, B = 10−4B0, n= 1030 cm−3,
(2) p0 = 1 MeV, B = 10−3B0, n= 1031 cm−3.
In both cases we take the neutrino mass equal to
mν = 1 eV and magnetic moment equal to µ= (0.3×
10−10)µ0 that is near the present experimental limit
for the electron neutrino. The neutrino spin light rate
also dominates over the Cherenkov radiation rate in
strong magnetic field (B  B0) if the matter density
is increased to the level of n  1033 cm−3. However,
for such densities, neutrino magnetic moment and
energies in the range span from 1 to 10 MeV the
quantum approach [34] to the SLν has to be used.
If we consider the case of much higher density, n =
1037 cm−3, and smaller magnetic moment,µ= (0.3×
10−16)µ0, and neutrino energy p0 = 1 MeV then the
quasi-classical approach to the spin light is valid and
the ratio of the two rates is given again by Eq. (41).
Thus, we predict that the spin light of neutrino can be
more effective than the neutrino Cherenkov radiation
if the density of matter is rather large.
The spin light of neutrino together with the syn-
chrotron mechanism of radiation by charged particles,
should be important for understanding of astrophysi-
cal phenomena where powerful beams of gamma-rays
34 A. Lobanov, A. Studenikin / Physics Letters B 564 (2003) 27–34are produced. One of the possible examples could be
the gamma-ray bursts.
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